The paper presents the design of a machine that can work at high temperature. The impact of various topologies and materials on electromagnetic field distribution and losses was analyzed. Two and three-dimensional simulations were carried out. The results obtained were discussed.
Introduction
The general trend in the aircraft industry is to replace hydraulic and pneumatic actuators with electrical machines (more electric aircraft concept). The aircraft industry could derive an interesting profit from powerful and compact generators able to operate in the vicinity of the propulsion turbines. In recent years, many works have been carried out [1] [2] [3] [4] [5] [6] regarding compact systems containing electrical machines and electronic components. The project presented in this paper concerns the design of the machine that can work at an ambient temperature higher than 200 ∘ C. Permanent Magnet Synchronous Machine (PMSM) who can work in the ambient temperature of about 200 ∘ C, will have a hottest points of order 450-500 ∘ C. For high power densities and high ambient temperature, the hottest points of the machine, is much over the capabilities of best polymers that are able to work up to of more or less 240 ∘ C during 2000h. So we decide to replace the polymer by inorganic insulation [7] [8] [9] . The inorganic insulation materials have no mechanical flexibility; therefore, it is impossible to build classical distributed stator windings. The only option is to design concentrated windings with rigid coils placed on the stator teeth. The windings must be made of simple-shaped coils which are rigid objects encapsulated with a high temperature cement. The fractional number of teeth per pole topology requires a specific electromagnetic design for limiting the cogging torque and the additional losses due to eddy currents. With such a winding structure, only Permanent Magnet Synchronous Machine (PMSM) and Doubly Salient Reluctance Machines (DSRM) structures are possible. The paper focuses on PMSMs. For this type of machine special attention to the right selection of magnets must be pay. The best magnets are magnets built with SmCo. This material have unfortunately a higher electric conductivity [10] [11] [12] [13] [14] [15] [16] [17] than other permanent magnets materials. This fact should be considered when designing the machine. To properly adjust the machine parameters, various designs and materials were verified. Two structures are available for rotor: the magnets can be placed on the external surface of the rotor or buried in the soft magnetic part of the rotor. The first option is easier to achieve but it places the magnets near the stator coils that is in the high temperature. The second places the magnets inside the rotor core. The flux is concentrated towards the air-gap by the more complex shape of the soft magnetic rotor poles. The opened slots of the stator create flux density harmonics in the air-gap of the machine that influence additional losses due to eddy currents. To avoid this problem, wedges closing the stator slots are used. The influence of wedges on field distribution and losses for various wedges materials were analysed. To compute the losses and verify the influence of design and materials the time-stepping 2D simulation was made. To verify the eddy currents and their impact on losses, the 3D calculations are necessary, because the 2D model assuming the infinite length of the machine for eddy currents generates significant errors. Because the paper concerns material verification and machine construction, in the first row we will discuss the topologies of the machine and the existing possibilities that can be checked at high temperatures. Next, the simulation by the finite elements method will be carried out and the different options of the rotor will be examined. Then the influence of wedges closing the slots on the machine parameters will be verified.
Topologies of high temperature machine
In this section, we will discuss the particular materials used to construct electrical machine capable to operating at high temperature. Working at a temperature of 500 ∘ C requires exact checking of all materials such as for example glues and welds.
Magnetic sheets
The magnetic circuit of the alternating currents power machines is built with sheets insulated between them. Some sheets available as "fully processed" are coated with an organic layer. It is not advisable to use these products for machines operating at high temperatures. The sheets based on FeCo or FeSi are naturally overlap with an iron oxide layer during the manufacturing process. The overlap of iron oxide ensure insulation preventing the eddy currents. The behavior of non oriented magnetic sheets in the high temperature were examined by the team of University of Okayama [18, 19] . The measurements were made on 0.35mm thickness, naturally isolated with iron oxide. The iron losses in function of temperature naturally decrease. This is due to the fact that the resistivity increase with temperature. Similar results as for anisotropic sheets were obtained for isotropic sheets making a stator with sheets shifted by ninety degrees [20] . The soft magnetic circuit can be also build with cobalt and iron alloys. Likewise the several alloys offer a good solutions. It is clear therefore that the selection of sheet does not represent a crucial problem.
Permanent magnets
The documentation of the manufacturers summarizes the technologies available in HT ∘ . The excellent magnets made of neodymium alloys, iron, and boron usually used to build synchronous machines do not support very high temperatures. AlNiCo, which accepts temperatures of 450 ∘ C, cannot be used to build synchronous machines because it requires in situ magnetization. This is due to its very low coercive field. Only Cobalt's Samarium-based alloys maintain reasonable inductions, with high coercive fields, down to just over 300 ∘ C. The magnet is therefore a critical element that constitutes a technological lock to reach very high temperatures. For this reason, emphasis should be put on the analysis of hot spots around the permanent magnets.
Insulated wires for windings
Two types of metals are used for the construction of the windings: copper and aluminum. Aluminum has a relatively low melting temperature and its electrical characteristics are not very good at high temperatures because its resistivity increases much with temperature. For copper, the oxidation problem is preponderant [21, 22] . Copper must be protected if we want to use it at high temperature. Nickel-plated copper wires are commercially available. The protective nickel layer is thicker the higher is the nominal temperature of the product.
The connections between the wires
The connections between wires are critical points. The solders made from lead and tin, typically used are only able to fulfill their role up to 200 ∘ C. Beyond this temperature, alloys with high melting points resistant to oxidation are needed. These alloys are solders based on copper (Cu), nickel (Ni), silver (Ag) or manganese (Mn), which are resistant to oxidation, but whose implementation is carried out at higher temperatures.
Inter-turn insulation
Insulations between coils operating at high temperature must be characterized by high resistance to voltage, the ability to withstand temperature gradients and mechanical stress with acceptable degradation of dielectric properties.
There are several technologies for isolating the turns of a machine:
1. The conventional polymeric isolations that are temperature limited. Polymers are insulating materials composed of carbon-based macromolecules. Machines operating at temperatures of 240 ∘ C are isolated with Polyimide (PI) [23] ). The yarns are impregnated with varnishes of the same type to guarantee a good solidity and an effective barrier against pollutants. Polymeric varnishes also have good mechanical flexibility which makes possible winding operations. They are also able to absorb internal and external vibrations during the operation of the machine. 2. Ceramics are insulators able to rise in temperature in the electrical systems [24, 25] . Ceramics are very resistant to chemical attack. They retain their properties at high temperatures. Alumina ceramics have a low coefficient of thermal expansion and good thermal conductivity [26] . 3. Mica is also a good insulation solution for high temperature machines. It is widely used for the insulation of very high power and high voltage machines (power plants). On the market, laminated mica is found on a fiberglass ribbon which allows for some flexibility, and is also available in the form of sheets. This type of insulation can be used up to 450 ∘ C-600 ∘ C [27, 28] .
In a high temperature electric machine it is essential to use a fully inorganic EIS. For the design of the high temperature coil, materials that resist up to 500 ∘ C must be used.
Inorganic bottom insulators
In the case of bottom insulation several solutions are available:
• Tapes made with glass fiber are particularly suitable for insulating coils. These tapes can withstand temperatures of 450 ∘ C [29] . Very thin organic layers are often added to facilitate their implementation. These organic layers are expected to disappear during the first thermal cycle. • Ceramic fabric tapes are products that have high thermal and mechanical performance. It retains its strength and flexibility up to a temperature of 1370 ∘ C [30] . • Ceramic paper which is made of high strength,
high purity fibers (75% alumina fiber and silica mixed). These materials withstand temperatures up to 1400 ∘ C [31] .
• The mica is deposited on a glass fabric to ensure a certain mechanical flexibility during winding operations. This product withstands temperatures of 1200 to 1300 ∘ C [32] . • Muscovite mica refers to a mineral that has a laminated structure and that has excellent electrical properties at elevated temperatures. Muscovite mica is available in a variety of thicknesses from 0.2 mm. It is a fragile and highly flexible material that is difficult to handle. For low thicknesses, it is associated with thin organic coatings which disappear during the first thermal cycle.
Bearings for high temperature machines
Conventional bearings made of steel and using organic lubricants will need to be replaced by high temperature resistant elements. The mechanical structure of an electric motor remains fairly simple and up to average speeds, the bearings are the most complex parts. HT ∘ bearings have been developed a long time ago [33, 34] . This technology is now mature up to 300 ∘ C. This limit can be used to define a reasonable maximum ambient temperature for HT ∘ motors, taking into account the thermal resistance of the mechanical housing and the mechanical losses in the bearings. Another solution is to use ceramic bearings [35] . These bearings available on the market are capable of operating up to 450 ∘ C. They use a treatment of steel parts with manganese phosphate and / or ceramic. They are very resistant [36] . The lubricant HT ∘ is replaced by a solid lubricant such as molybdenum disulfide which withstands up to 400 ∘ C [37] or tungsten disulfide [38] up to 650 ∘ C.
Rotor topology
In synchronous permanent magnet machines, two magnet mounting technologies are possible: surface mounting and mounting inside the rotor. The first offer is easier to assemble. The negative aspect is that the magnets are close to the stator coils, i.e. at high temperature. In the second case, the temperature of the permanent magnets is clearly lower. This is due to the fact that the flux, for the magnets placed inside the rotor, closes through the air gap by the magnetic circuit. The permanent magnets are made of a solid conductor, which causes the induction of eddy currents, heating them up. It should be remembered that the heat produced in the magnets must be carried away outside. In any case, the rotor must be constructed in such a way as to ensure direct heat dissipation. One way to dissi-pate heat is to fill free volumes with a material that absorbs heat.
Choice of topology for HT ∘ machines
We wanted to analyze different aspects of the design of an electric machine with a power supply that can work permanently in a hot environment. The basic elements are the right selection of materials from which the active parts of the machine are built. It is advisable to avoid machines with brushes for which the winding rotor is powered by a sliding contact system. The problem that these machines make is faster wear and oxidation of the involved parts due to heat. The second problem concerns the presence of a rotor winding made of rigid inorganic materials that would undergo mechanical stress and vibration in addition to temperature constraints. The asynchronous machine with cage or even with solid rotor is discarded because of the need to use distributed windings that require some flexibility of the coils. We decided to investigate initially a synchronous machine with permanent magnets. The same stator with winding can be used with two different structures of architecture and materials of rotor. The main objective being the study of the feasibility; the external dimensions of the machine as well as its performances (power, torque . . . ). It is necessary to study a practical case of electrical installations, it is therefore essential to dimension this machine for a voltage level similar to that frequently used in the avionics: either a DC 540V bus. The other aspect is that it is essential to maintain orders of rotational speed magnitudes, frequencies standard power supply and cutting in aeronautics (of the order of 5000 rpm, a few hundred Hz and a few kilo-Hertz respectively). The mechanical power, the torque and the current value are limited by the current rating of the power components, the power transducer used, the current density according to the motor, pulsed or steady state operation [39] [40] [41] [42] [43] [44] [45] [46] .
The first step is to choose the fundamental quantities such as the number of poles, the number of stator slots, the winding topology, and the supply frequencies in relation to the desired mechanical speed. Different combinations of number of poles and teeth are possible. On the side of the permanent magnet rotor topology, several possibilities can be envisaged so that for the same number of slots of stator. There is a wide choice of number of pole pairs. The electromotive force quality, the coefficient of the winding, the expansion torque, the radial forces and the rate of the harmonics of the magnetomotive force are the criteria which must be examined in order to find the choice. The 12 teeth -10 poles structure is known for its low torque and performance in terms of EMF quality. Ultimately, we decided to choose 24 teeth and 20 poles machine, which makes it possible to reduce the height of the rotor and stator yokes and consequently the resistance of heat exchange between the winding and the crankcase. The choice of a 24-tooth and 20-pole machine leads to elementary coils with many smaller volumes. Finally, the parameters of the machine are following: Ns = 24 coils, Nr = 2p = 20 poles and f = 833 Hz, 5000 rpm (maximum speed).
Simulation using the finite element method
The study of the influence of the location and dimensions of magnets is possible due to the use of the field-circuit modeling with the use of 2D finite element method. It was assumed that both machine versions: with embedded magnets and magnets mounted on the surface, will use the same stator. Of course, the type of rotor will have a significant impact on the machine parameters. Unfortunately conductivity of SmCo magnets is much higher than others, which causes higher eddy current losses due to pulsating flux on the magnets surface. Therefore, it is necessary to use methods that reduce these losses. The simplest method was chosen, consisting of laminating the core on the division of magnets into mutually isolated parts. The number of divisions (two by two) was chosen as a compromise between limiting losses and not increasing the workload [47, 48] . In addition, magnetic wedges, closing the stator slots, can be used to reduce the eddy currents losses and torque ripple. Three types of wedge construction were taken into consideration: wedges made from magnetic material -steel(M), wedges made of composite material (SM) and non-magnetic wedges (NM). Field-circuit simulation was unfortunately time-consuming due to transient state that arises at the beginning of calculations. Therefore it was necessary perform simulation during approximately twenty periods before the effect of transient can be eliminated. The results of simulation for 3 different wedges material are shown in Figure 1 . All figures show distribution of magnitude of magnetic flux density for the selected time moment after reaching the steady state. These results refer to the case of the unloaded generator.
Comparing the three presented magnetic flux density distributions we see that the wedges of the magnetic ma- terial are strongly saturated. The magnetic flux partially closes through the wedge causing saturation. In the case of non-magnetic wedge, saturation take place near the tooth's head, where there are notches to the wedges (here the cross-section is reduced), so there is local saturation.
The impact of the wedges on the loaded machine was then examined. For the analysis of the impact of wedges, the work of the machine as a generator was considered, which was loaded with a resistance of value of 24.3 Ω per phase. As an example of the impact of the load on the magnetic flux density distribution, in Figure 2 , a comparison of the flux density distribution for the case with wedges from magnetic material is shown for no-load and load. As can be seen the influence of leakage flux, caused from stator winding current, on the level of saturation of the wedges is not significant. The reason for this is the high value of the coercive field of permanent magnet in comparison to the equivalent slot total current. The presence of wedges has some influence on the torque ripple. Comparison between torque ripple for different wedges materials (from wedge made from magnetic steel through wedge made from composite material up to nonmagnetic) have been shown in Figure 3 . In this case, the best result is obtained for composite (semi-magnetic) wedges. In the Table 1 the RMS value of the phase to Neutral voltage of the generator at no-load and the average torque ripple computed on one period is presented. As can be seen from the results presented, the use of magnetic wedges decrease the output RMS voltage and a slightly increase the average torque ripple. However, the biggest impact on the choice of the type of wedges on the losses in magnets will be considered in the 3D simulation chapter.
The coefficients of temperature TC(HcJ) for the coercivity , TC(Br), for the remanent polarization, and the line B/µ 0 H of the permanent magnet determine continuous operating maximum temperature of permanent magnets. As generally known [46] , the maximum temperature at which a permanent magnet can work is related to the Curie temperature (loss of ferromagnetic properties) as shown in Figure 3b and therefore for HT machines magnets with high Curie temperature should be used. Hence, from available permanent magnets materials our choice was Vacomax Sm 2 Co 17 , unfortunately material with relative high electrical conductivity compared to ferrites. The properties of available materials are shown in the Table 2 .
The use of two-dimensional models is always preferred, especially for optimization, due to the considerably lower computational cost than for fully three-dimensional models. However, the two-dimensional model assumes an infinite length of the model in the direction of the axis, which especially in the case of induced currents causes significant differences in comparison with the physical model. This is particularly important for magnets divided in parts with isolated segments because eddy currents must close within each of the magnet segments. Modeling of eddy currents and losses caused by them is therefore possible with the use of full three-dimensional models. Because the distribution of field and eddy currents within the magnets is strongly uneven due to the effect of currents and open stator slots, a large number of mesh elements (61000) were already required for the 2D model. The more signifi-cant calculation cost is characterized by the use of a threedimensional model due to the significant density of the mesh. The reduction of eddy current losses and the cogging torque can be achieved by using magnetic wedges closing the stator grooves, which reduces the flow pulsation.
3D simulation
In order to minimize the calculation area for the 3D model, the symmetries of the object were used, thanks to which the analysis could be limited to one quarter of the machine. A field-circuit model was used in which the windings of the machine are connected to external resistances constituting a load for generator work. The time stepping solution is carried out similarly to the 2D model assuming constant speed. In order to obtain the appropriate accuracy of the 3D model in the conductive areas, the principle of determining the size of the element smaller than one-third of the equivalent depth of penetration was guided. The constructed mesh consists of 4.274778 million elements, thanks to which it allows the imaging of phenomena related to the rotation of the rotor with an excess. The results of the simulation of the magnetic induction distribution on the rotor and stator surfaces are shown in Figure 4a . The next figure (Figure 4b) shows the distribution of induced eddy currents, the distribution of which, as you can see, is very uneven. In spite of significant values of the current density on the surface of the magnet, it is strongly damped into the magnet, therefore the losses are not as large as the surface values would indicate. The correct calculation of losses in magnets is very important due to the possibility of overheating of the magnet resulting in the loss of magnetic properties. The design of the rotor limits the possibility of heat emission from magnets, which intensifies the problem. As mentioned earlier and in [47, 48] , reduction of losses in permanent magnets from eddy currents can be obtained by dividing the magnet into insulated segments. Figure 5 shows the effect of magnet division on segments for distribution of eddy current density. The beneficial effect of the division into decreasing the current density amplitude and thus the value of eddy current losses is visible.
6 Comparison of the structure with magnets mounted on the surface of the rotor (sm) with the structure with magnets placed inside the rotor core (im)
The selected material for permanent magnets Vacomax Sm2Co17 is characterized by high temperature resistance due to the addition of cobalt, but at the same time cobalt increases the electrical conductivity. The high electrical conductivity combined with the change of flux caused by the rotor movement results in significant eddy currents and related losses. Moving the magnets from the surface to the center of the rotor core in the IM construction due to the reduction of the field variability on the surface of the magnets results in a significant reduction of the eddy current losses. In order to maintain proper mechanical stiffness of the rotor structure, it was necessary to leave the bridge over the magnet of the thickness resulting from the strength requirements of the structure. The bridge should have the smallest dimensions, so as not to limit the flux of magnets closing by the stator. Of course, this helps in the phenomenon of saturation of the bridge. Despite the saturation, however, the bridge causes an increase in the leakage flux, and thus the operating flux decreases, and thus the phase voltage is less than for a magnet of similar dimensions placed on the surface of the rotor (SM).
In Figure 6a phase voltages for internal magnets construction (IM) versus the surface construction (SM) have been shown. In that figure one can see comparison of relative torque ripple values (relative to the average torque value) for 1 -embedded magnets (IM), 2 -surface magnets (SM) for no-load conditions. The benefits of the embedded structure (as shown in Figure 6a ) are the voltage without disruption and lower value of cogging torque even for case of wedges from nonmagnetic material. In the case of a loaded generator, the structure of the internal magnets also has significantly lower torque ripple. Figure 7a shows the torque value versus time for that two cases and for the same resistance. Figure 7b shows the torque ripple associated with its average value. The permanent magnet is protected against pulsating fields by means of a rotor iron. As a result, eddy currents in the case of embedded magnets appear mainly on the surface of the magnet and on its upper corners. Figure 8a shows the distribution of the induction in the core of the machine. Visible is the very deep saturation of the bridge left over magnets. In Figure 8b vectors of magnetic flux density on the surface of the magnets have been shown. One can see that the corners of the magnets are the area where these vectors changed their direction. Therefore the corners of the magnets were the area of bigger value of induced eddy currents. To avoid that phenomenon small additional air hole was added in the immediate vicinity of the corner of the magnet.
The source of cogging torque is the change of reluctivity due to slotted structure of the stator and distribution of the magnets for surface placed construction. Magnetic flux density concentrate in stator teeth as can be seen in Figure 9a .
The following figures show the effect of using wedges made of martensitic steel with good magnetic properties, but at the same time with relatively high electrical conductivity. Thanks to the use of magnetic wedges, it was possible to reduce the pulsation of the magnetic flux near the gap zone, thus reducing the eddy current losses for structures with magnets placed on the surface up to 22.9 W, when for structures with magnets built into the rotor core, these losses were only 0.72 W (with a loss size of 1.07 W for a case without wedges). Figure 9b shows how the current flowing along the machine axis for the machine with the used magnetic wedges. A series of simulations were carried out that made it possible to dimensioning the machine. During simulation we paid particular attention to the effect of introducing magnetic wedges as well as the previously described division of magnets into segments for the obtained machine parameters. The effect of using dif- ferent types of materials on wedges closing stator slots and the influence of the method of dividing permanent magnets on segments on the power losses generated from eddy currents as well as uniformity of torque are examined in detail.
Realization of prototypes
Based on simulation results, two prototypes of high internal temperature machines have been built. Although the simulations showed the superiority of internal magnets on the surface mounted magnets, we decided to build two prototypes. The stators are identical. The first machine uses a rotor with surface-mounted magnet, the second one with interior magnet. During tests, a prototype will work as an inverter-fed motor and the second one as a synchronous generator connected to a 3-phase load resistance. A part of the experiments will be performed in an oven able to impose an ambient temperature up to 200 ∘ C. The stator inner diameter is determined considering the slot number and the coil width, which depends on the minimum bending radius of the ceramic coated HT ∘ wire. For both prototypes the inner diameter is 122 mm. The magnetic core is placed in the motor housing. The thermal expansion of the iron core and of the housing must be as close as possible for avoiding thermo-mechanical stresses. The housing is made of stainless steel because its thermal expansion coefficient is close to the iron-cobalt soft magnetic core one. For HT ∘ , the classical aluminum housing must be prohibited because of large differences of the thermal expansions. The 24 inorganic coils are placed on the stator teeth. (Figure 10a ), the stator slots are closed with metallic wedges of a low permeability. Electric connections between coils are made using silver brazing. Figure 10b presents a picture of the rotor placed inside the stator. The buried magnet topology do not use any glue, the magnet are inside the rotor. The interior-magnet structure is a better solution, for practical reasons and because a significant reduction of losses in the magnets. This solution provides also a smoother voltage, a much smaller cogging torque, which have proven simulations. The embedded magnets structure needs a special design of the flux barriers to reduce flux leakages. The good mechanical fixing of the soft iron between the magnets is made with a nonmagnetic stainless steel shaft that have a complex shape. It yields the rotor rigidity. Figure 10c is a picture of the whole machine. Several thermocouples type K are placed in stator slots, between the inorganic coil and the magnetic core. A large hole is drilled in the rear flange in order to get a rotor temperature measurement using an infrared camera. The measurements were taken on a moving machine (speed of 2000 turn per minute). The results of measurements obtained from individual thermocouples were recorded. They are shown on picture 11. The following results were obtained:
• thermocouple in the surroundings of the machine -202 ∘ C • housing surface -216 ∘ C, • center of wedges -228 ∘ C, • center of the coil -234 ∘ C Comparing the measurement results with simulation, we can see that the difference is less than 1 ∘ C. We have obtained good consistency of measurement and simulation.
First, measurements were made for the no-load. We stated that they are heating mainly in the wedges and in the core. Losses result mainly from eddy currents, i.e. mainly in metallic wedges. It is a zone in which there are significant changes in the flux caused by permanent magnets. The increase of the temperature after half an hour is about 6 degrees. In the second order, a load test was carried out. The machine was loaded with a three-phase resistor. It was observed that the temperature in the coils increased significantly. This is due to Joule's losses. On the basis of the measurement and simulation, the winding and wedges were found to be the most strongly heated element. Machine parts that must be protected from excessive overheating are magnets. Their temperature increases by about 20 ∘ C for an ambient temperature of 200 ∘ C.
Conclusions
In order to design a machine that is capable of long-term operation at HT environment, a number of aspects should be considered:
• Coil insulation must be inorganic, • the prepared coils are rigid, allowing only one coil to be placed in the slots • the stator slots must be open, • the teeth should be rectangular, • from the previously given limitations, result the fact that slotting effect is much bigger than in a conventional machine • this in turn causes the larger eddy currents and losses in the machine • two options for magnet assembly were tested; magnets placed on the surface and magnets built into the rotor magnetic core • it was found that the option with built-in magnets gives better results; the torque ripple, power losses were compared; the permanent magnet is protected from pulsating fields by the iron of the rotor; eddy currents are induced mainly on the surface of the magnet • the magnet is a critical element that constitutes a technological lock to reach very high temperatures, only Cobalt's Samarium-based alloys maintain reasonable inductions, with high coercive fields, down to just over 300 ∘ C; these magnets unfortunately have a high conductivity, • to take into account the high conductivity of permanent magnets, use of magnetic wedges to close the stator slots are necessary, • through the use of magnetic wedges made of martensitic steel it was possible to reduce the losses in the structure with the surface magnet to a value of 22.9 W, and for the structure with embedded magnets to 0.72 W (1.07 W for the structure without the wedges),
• we have found that synchronous motors with permanent magnets can be used in the case of an ambient temperature of not more than 300 ∘ C, for temperatures above 300 ∘ C it is advisable to use the variable reluctance machine.
Simulations have shown improved characteristics of operation of the machines with internal magnets. Implementation of such a machine is complicated and therefore we decided to build two prototypes. Experimental thermal and electric measurements performed on the prototypes of two different designs will allow a deep verification of the numerical models. Experimental studies allow only the comparison of global quantities (losses, torque, temperature in the coils, magnetomotive force at no-load); but the proposed numerical models, after a verification for these global quantities will be an interesting tool for further optimization of HT ∘ motors that are very different of classical ones.
